Photoinduced carrier dynamics in a sequence of InGaN/GaN multiple quantum wells (MQWs) are studied by employing steady state and ultrafast spectroscopy at room temperature. Time-resolved photoluminescence (PL) measured short carrier lifetimes of , 140 ps at room temperature. Steady state differential transmission was used to measure the in-well field screening due to the photoinjected carriers. The observed offset in emission energy from excitonic screening energies is consistent with the emission of carriers through localized states slightly below the excitonic resonance energy. Furthermore, time-resolved differential transmission with amplified pulses, where significant carrier densities can be optically generated, provides evidence of both excitonic bleaching and field screening in these InGaN quantum wells (QWs). The comparison of the time-resolved differential absorption spectra at various carrier densities allows us to identify different carrier recombination dynamics in the InGaN well and to separate the field screening from the bleaching effects. Finally, the extreme prolongation of the carrier recombination lifetime up to , 4 ms suggests the spatial separation between electrons and holes under the large in-well fields. q
Introduction
Significant research and commercial interests have continued to focus on the development of indium-based III-nitride materials and associated devices for UV-visible light emitters [1, 2] . The success in developing light sources has included the commercialization of blue, green and amber light emitting diodes and violet laser diodes. In spite of these developments, the emission mechanisms of these materials are still not fully understood due to the complex material physics, including indium clustering resulting from phase separation [3, 4] in InGaN alloys and strain-induced piezoelectricity [5] due to the large lattice constant mismatch between GaN and InGaN. The incorporated InGaN/GaN quantum wells (QWs) within these structures and the resulting emission, absorption, and associated field and localization effects significantly complicate the understanding of these materials. The further development of solid-state light sources, particularly lasers, based on these materials depends upon a complete understanding of these emission mechanisms.
The direct measurement of changes in absorption resulting from photoinjected carriers using pump/probe spectroscopy has proven invaluable in unraveling field effects on absorption in [111] InGaAs/GaAs materials with piezoelectric fields in the QWs [6 -8] . To date, several groups have discussed the blue shift of the photoluminescence (PL) peak energy in InGaN/GaN heterostructures with increasing carrier injection. The observed carrier dynamics has been described using models that attribute the behavior to either the reduction of the quantum-confined Stark effect due to in-well field screening [5, 9, 10] or through band-filling of the energy band tail states [11, 12] or both [13, 14] . The main reason that these studies have not been able to directly elucidate these complicated dynamics is because traditional time integrated PL and time-resolved PL measurements allow only the radiative recombination dynamics to be directly characterized. As demonstrated in piezoelectric materials, ultrafast differential transmission spectroscopy can extract the needed carrier transport and recombination dynamics by separating the field screening behavior from the band-filling effects [8] . A few differential transmission measurements on InGaN/GaN QWs that have focused on stimulated emission processes and carrier capture times have been reported [15] [16] [17] . However, of those experiments, none has spectrally and temporally resolved the resulting changes in absorption coefficient due to in-well field screening. In this article, we present steady state, time-resolved differential transmission and timeresolved PL to identify different carrier recombination dynamics in InGaN/GaN multiple quantum wells (MQWs). The contribution of the in-well screening of the piezoelectric field to the changes in the absorption coefficient is separated from, and compared to the excitonic bleaching. The estimated in-well field at the transition point between field screening and excitonic bleaching determined using this method is consistent with the theoretical value of the piezoelectric field in the strained InGaN well.
Sample structures
The samples in this study are two undoped InGaN/GaN MQW structures deposited by metal organic vapor phase epitaxy on a hydride vapor phase epitaxy grown GaN/Sapphire substrate. As determined by X-ray diffraction, sample 1 is an In 0.1 Ga 0.9 N/GaN MQW which consists of six periods of 100 Å thick wells and 150 Å thick barriers, and sample 2 is an In 0.04 Ga 0.96 N/GaN MQW which has six periods of 100 Å thick wells and 110 Å thick barriers. The pseuadomorphically strained InGaN layer grown on top of a GaN buffer layer exhibits a strong piezoelectric polarization. The estimated built-in electric field (parallel to the c-axis) due to the piezoelectric polarization is 2 0.96 MV cm 21 (2 0.33 MV cm 21 ) in the QW and is 0.62 MV cm 21 (0.30 MV cm 21 ) in the barrier for sample 1 (sample 2) as calculated using a method developed by Fiorentini et al. [18] .
Steady state differential transmission
Initially, we performed steady state pump/probe differential transmission measurements on these samples by pumping with a continuous-wave (CW) Ar þ laser (3.41 eV) and probing with a Xenon lamp. The white light from the Xenon lamp was spectrally filtered using a spectrometer and then focused to a 1 mm diameter spot on the sample to serve as the probe beam. The pump spot size was chosen to be 2 mm to ensure that the probe beam was monitoring a relatively constant injected carrier density. Standard lock-in techniques were used to measure the difference in the probe transmission (DT) with and without the pump present as a function of probe wavelength. The differential absorption spectrum was then extracted from differential transmission:
where d is the combined thickness of the InGaN QWs [16] . Fig. 1(a) shows the expected absorption with the pump off (solid line) and the pump on (long dashed line) for excitonic blue shifting due to field screening. The absorption with the pump on is expected to narrow and shift as a result of a reduction of the in-well field by in-well carrier screening. Fig. 1 (a) also shows the expected resulting differential absorption signature (short dashed line). similar to a recent result from AlGaN/GaN QW with a negative-positive -negative swing due to blue shifting and narrowing of the excitonic absorption [19] . In this case, when the magnitude of the internal in-well field is reduced under optical excitation, the absorption coefficient at the excitonic resonance becomes larger because of an increase of its oscillator strength and narrows in energy because of a prolongation of the excitonic lifetime. Therefore, the excitonic resonance can be estimated to be approximately at the energy of the positive peak of the change in absorption as identified in Fig. 1(b) .
Of course, in Fig. 1 (a) we have neglected excitonic bleaching which induces a decrease and broadening of the excitonic absorption and the corresponding change in absorption that is dominated by a large negative peak centered at the excitonic peak energy [8] . In fact, under the CW excitation intensities, we observed little evidence of excitonic bleaching and the resulting differential absorption spectra are completely consistent with field screening. The observation of the screening signature implies that under CW excitation relatively low photoinduced carrier densities are present (far below that needed to completely screen the in-well field and allow for significant bleaching to take place).
Time-resolved measurements
In order to confirm the insignificant carrier accumulation and to investigate the carrier transport and recombination dynamics, time-resolved PL and time-resolved differential transmission were conducted for these samples. For the time-resolved PL measurements, the 760 nm, 150 fs laser pulses from a 250 kHz regenerative amplifier (REGA) were frequency doubled to 380 nm to serve as the pump source for carrier excitation above the InGaN bandgap, but below the GaN bandgap. Fig. 2 shows the room temperature timeresolved PL measurement on sample 1 for an excitation fluence of 400 mJ cm 22 corresponding to a maximum twodimensional (2D) photoexcited carrier density for each well of 7.2 £ 10 13 cm 22 . This sheet charge carrier density is much larger than the sheet charge carrier density of 4.8 £ 10 12 cm 22 needed to screen the estimated in-well field. Notice that there is no observable shift of peak energy in the PL spectra versus time, and more importantly, that the peak emission energy (3.02 eV) is lower than the exciton resonance energy (3.08 eV) identified in Fig. 1 . This behavior suggests that the radiative recombination in this sample is from localized states below the exciton resonance energy. Similar signatures were also observed in sample 2.
Subsequent to these time-resolved PL measurements, time-resolved differential transmission was used to determine the presence of any excess carriers that are not detected using time-resolved PL. Specifically, ultrafast single-color pump-white light continuum probe spec-troscopy was used to time resolve the differential transmission signatures at room temperature. For these measurements, a portion of the 760 nm laser pulses from the REGA was frequency doubled to 380 nm to serve as the pump source. The remaining output from the REGA was used to create a broadband white light continuum [20] , with spectral components from 385 to 1000 nm (1.24 to 3.22 eV), which served as the probe beam. The time delay of the probe beam with respect to the pump beam was tuned by controlling the position of a retroreflector mounted on a motor-controlled delay stage with resolution of 1.6 mm. The time resolution of this system was limited to , 300 fs due to the broadened pulse width of the frequency-doubled pulse and the white-light continuum. In this case, the probe beam was focused to an 80 mm diameter spot on the sample and the transmitted light was spectrally resolved using a spectrometer. The pump spot size was chosen to be 160 mm. Fig. 3 shows the detailed differential absorption spectra under various pump fluences on sample 1 at a time delay of 40 ps. At high pump fluence the in-well field is totally screened and a single negative peak due to excitonic bleaching dominates the spectra (Fig. 3(a) ). By contrast, at low pump fluence the observed spectral signature is consistent with the combination of excitonic bleaching (negative peak), and excitonic blue shifting and narrowing (undulation shown in Fig. 3(d) ).
Furthermore, by temporally resolving these differential absorption spectra the different carrier decay behaviors were demonstrated. Fig. 4(a) shows the differential absorption spectra under high pump fluence (400 mJ cm 22 ) versus time delay from 2 to 400 ps for sample 1. It should be noted that with increasing time delay the peak energy exhibits a red shift but the spectra are still dominated by a single negative peak. This large negative peak is a clear indication that we still have sufficient carriers to completely screen the in-well field. The inset graph in Fig. 4(a) shows the time evolution for energy position at 3.08 eV. The observed decay time of In contrast, Fig. 4(b) shows the differential absorption spectra versus time delay from 40 ps to 4 ms for a pump fluence of 20 mJ cm 22 on sample 1. (The measurement at 4 ms was made by setting the delay so that the probe pulse arrived at the sample 40 ps before the next pump pulse.) The time evolution for energy position at 3.01 eV is also shown in the inset graph in Fig. 4(b) . Clearly, although the net change in absorption decreases with time delay as the carrier density decreases, the change in absorption due to screening of the in-well field remains relatively unchanged for short times. Moreover, the positive and negative peaks indicative of a field-induced excitonic blue shifting and narrowing are still evident after 4 ms. This extreme prolongation of recombination lifetime in the well is induced by the spatial separation between electrons and holes under the influence of the in-well field [8] .
Discussion
By attributing the observed reduction in excitonic amplitude to bleaching and the observed blue shift to inwell screening, the time-resolved differential absorption spectra for sample 1 can be separated into two components, as shown in Fig. 5(a) . The bleaching component was chosen from the differential absorption bleaching spectra (short time curve in Fig. 4(a) ) at high pump fluence, where the peak energy of the bleaching component was 3.08 eV, corresponding to the exciton resonance. The amplitude of this signal was scaled proportionally to the pump fluence. The in-well field screening component was then obtained by subtracting the bleaching component from the original spectra. The peak absorption changes corresponding to screening, DP screening , and bleaching, DP bleaching , as shown in Fig. 5(a) , were used to estimate the strength of the Stark shift induced by field screening and the strength of the absorption bleaching in the InGaN QW, respectively. The peak absorption changes caused by these two components, as estimated by the fitting, as a function of 2D photoexcited carrier density in each well are also shown separately in Fig.  5(b) . As should be expected, when increasing the carrier density, the screening component approaches a constant value while the bleaching component increases linearly.
Clearly, estimating the in-well field from the observed changes in absorption is complicated. However, it is well known that as flat-band conditions are approached there is substantial envelope function overlap between the electrons and holes in the well and the Da spectra should be indicative of excitonic bleaching and excitonic field screening. Thus, the transition point, 5.6 £ 10 12 cm 22 , at which the bleaching and screening signatures are comparable, is a reasonable choice for estimating the in-well field (i.e. the in-well field is being sufficiently screened that the overlap of the carriers increases and the bleaching signature becomes significant). At this carrier density, the corresponding in-well field, 1.12 MV cm 21 , is close to the estimated theoretical value of 0.96 MV cm 21 for sample 1 provided earlier. It is important to realize that this is not an extremely accurate estimate but should provide ballpark values of the in-well field.
The experimental results presented here, illustrating excitonic bleaching and in-well field screening in these undoped InGaN/GaN MQWs, may be explained as follows. Initially, the femtosecond pulse generates excitons that are rapidly dissociated by the in-well field in the 10 nm InGaN well. At low carrier densities, the electrons and holes drift to the opposite sides of the well under the influence of the inwell field on a very fast time scale (, 1 ps). Thus, the intrinsic in-well field is reduced and band bending within the well is reduced. As a result of the reduction of the magnitude of the in-well field, the differential transmission signature for excitonic blue shifting and narrowing is observed (in conjunction with excitonic bleaching). At high carrier densities, the in-well field is completely screened and the remaining carriers will fill any localized states, which dominate the radiative recombination in these structures. Moreover, at sufficiently high carrier densities the excitonic absorption bleaching obscures the signature caused by the excitonic blue shift.
Conclusions
In summary, in this article a detailed study including steady state and time-resolved techniques is used to provide insight into the carrier dynamics in InGaN QWs. Specifically, we have presented carrier radiative recombination, non-radiative recombination and evidence of dominant emission below the excitonic transition corresponding to the localized states. Furthermore, measurement of the differential transmission spectra versus carrier density provides a method to separate the field screening behavior from the band-filling effects by observing the transition from the signature of excitonic absorption bleaching to excitonic blue shifting. The estimated in-well field at the transition point between the two signatures is consistent with the calculated value resulting from piezoelectric polarization in strained InGaN wells.
